Breast cancer screening remains a subject of intense and, at times, passionate debate. Mammography has long been the mainstay of breast cancer detection and is the only screening test proven to reduce mortality. Although it remains the gold standard of breast cancer screening, there is increasing awareness of subpopulations of women for whom mammography has reduced sensitivity. Mammography has also undergone increased scrutiny for false positives and excessive biopsies, which increase radiation dose, cost and patient anxiety. In response to these challenges, new technologies for breast cancer screening have been developed, including; low dose mammography; contrast enhanced mammography, tomosynthesis, automated whole breast ultrasound, molecular imaging and MRI. Here we examine some of the current controversies and promising new technologies that may improve detection of breast cancer both in the general population and in high-risk groups, such as women with dense breasts. We propose that optimal breast cancer screening will ultimately require a personalized approach based on metrics of cancer risk with selective application of specific screening technologies best suited to the individual's age, risk, and breast density.
Introduction
It is generally accepted that early detection of breast cancer increases the probability of cure and mammography has been shown to reduce breast cancer mortality in population-based screening programs (1) . However, mammography has limitations, and some investigators propose the benefits do not always outweigh the risks. The sensitivity of mammography is highly variable, ranging from 98% in women with fatty breast parenchyma, to 36% in women with dense breasts (2, 3) . Thus, women who undergo annual mammography may still present with cancers found only on physical exam. False positive rates in breast cancer screening are also a significant limitation as high callback rates and unnecessary biopsies increase cost, radiation dose, and patient anxiety. Concern for long-term sequelae of radiation exposure remains, as recent studies suggest mammography may actually contribute to an increased incidence of breast cancer in certain high-risk populations (4) . These concerns understandably may decrease compliance with screening recommendations (5).
More successful breast cancer screening requires increased sensitivity and specificity, ideally, limiting both financial cost and radiation burden. Some of this may be obtained through new technological development. However, we propose that optimal patient care will ultimately require a new paradigm with adoption of patient-specific screening strategies tailored to risk assessment based on family history, age, genetic profiles, and breast density. The goal in this approach is development of personalized imaging algorithms that maximize specificity and sensitivity while minimizing cost and radiation exposure. In this article we discuss both current practices and imaging techniques that may be combined in novel ways to achieve optimal, personalized imaging strategies for detecting breast cancer.
Screening Mammography Recommendations
Controversies surrounding mammography and breast cancer screening have led to uncertainty about optimal screening strategies. In 2009, the United States Preventive Services Task Force (USPSTF), a panel of health care professionals that reviews published research and makes recommendations about preventive health care, issued revised mammography guidelines. These included the recommendation for screening mammograms every two years beginning at age 50 for women at average risk of breast cancer. They recommended against routine screening mammograms before age 50. This recommendation ignited an ongoing, often passionate, debate regarding optimal screening strategies.
At present, the USPSTF is the only group or consensus panel in the United States that recommends screening to begin at age 50 (Table 1 ). Most such groups recommend breast cancer screening to begin at age 40 and women with a first-degree relative diagnosed with breast cancer should begin annual mammography 10 years prior to the age of diagnosis of that relative (6) .
Limitations of Mammography and the Need for an Adjunctive Screening Tool
There is clear evidence that mammography detects early breast cancers and that screening large populations reduces mortality. However, mammography is an imperfect screening tool. The sensitivity of mammography is inversely proportional to breast density (7) . Among women with heterogeneously dense or extremely dense breast parenchyma, full field digital mammography (FFDM) has been shown to be more sensitive than film-screen mammography (8) . Unfortunately, the sensitivity of both digital and analog mammography remains low in women with dense breast parenchyma (2, 3), limiting its usefulness in highrisk younger women.
Radiation Risks and Low Dose Mammography
While the absorbed radiation dose received by the breast during mammography represents a relatively small component of the lifetime-accumulated dose from medical imaging and other sources, the popular press and medical literature frequently raise concerns regarding the radiation risks from mammography. According to the National Research Council of the National Academies Biologic Effects of Ionizing Radiation (BEIR) VII study; the average mean glandular dose (MGD) from digital mammography is 3.7 mGy. This is estimated to have a lifetime attributable risk of fatal breast cancer of 1.3 per 100,000 women aged 40 years at exposure and less than one case per 1,000,000 women aged 80 years at exposure (9) . It has also been estimated that for the same cohort, 292 lives would be saved as a result of annual screening (10) . While this favorable risk-benefit ratio seems clear, many women and physicians remain concerned.
Strategies are being investigated to lower radiation dose and alleviate patient fears without compromising cancer detection. Spectral imaging or photon counting is a promising new technology in digital mammography aimed at lowering the MGD to the breast. The image is acquired by a scanning method that utilizes a multi slit collimator, eliminating 97% of scattered radiation, significantly lowering the absorbed dose (11) . The direct capture of individual x-rays occurs without the analog-to-digital conversion steps, increasing efficiency. Recently the FDA approved a low dose photon counting mammography unit in the United States, which delivers approximately half the dose of standard FFDM (12) . This device is popular in Europe and the image quality has been judged acceptable in preliminary investigations (13) .
Contrast Enhanced Mammography
A major advantage of MRI in detection of breast cancer is its ability to detect and evaluate blood flow in breast masses. Recent studies have shown that contrast enhanced digital mammography can also image blood flow using temporal subtraction and dual energy subtraction (14) (15) (16) . This technique requires injection of an iodinated contrast agent and the sensitivity for tumor detection has ranged from 78-92% (14) (15) (16) (17) . Recent literature has demonstrated that the addition of contrast enhanced mammography to standard mammography and ultrasound in a diagnostic setting improves reader sensitivity from 71% to 78% and improved reader performance when compared with mammography and ultrasound alone (17) . In 2011, the FDA approved a contrast enhanced digital mammography in the United States as an adjunct to standard mammographic views ( Figure  1 ). This technology is currently under evaluation at several mammography centers in Europe and Japan.
Digital Breast Tomosynthesis
Overlapping breast tissue in standard mammography can conceal important features of malignancy and is a frequent cause of false positive findings. Digital breast tomosynthesis is an imaging technique designed to eliminate the pitfalls of overlapping tissue ( Figure 2 ). It has the potential to lower recall rates on screening mammography and reduce false negative examinations due to dense breast tissue. Tomosynthesis produces tomographic "slices" of an entire tissue volume, similar to a CT scan, using a single acquisition. The radiation exposure for tomosynthesis remains a potential limitation as the MGD varies from approximately 1.5-4 mGy per acquisition (18) , (19) , (20) . The entire radiation dose for the exam depends on whether the exam is a one-view or two-view technique and whether or not it is combined with a standard mammogram. Although there are conflicting reports; the "average breast" that undergoes tomosynthesis is reported to receive a MGD approximately 8% higher than standard digital mammography (21) .
A potential limitation of tomosynthesis is decreased sensitivity for detection of microcalcifications. Tomosynthesis is currently FDA approved as an adjunct to standard mammography, and does not replace it. There is promise that, in this adjunct capacity, tomosynthesis can increase specificity in mammographically detected masses.
Automated Breast Density
A number of studies have demonstrated that women with dense breast tissue have a four to six fold increased risk of breast cancer (22, 23) (24) . Increased breast density also decreases the sensitivity of the mammogram and may limit the potential for early detection (25) (26) (27) .
The American College of Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS) classification describes four categories of breast tissue density and instructs radiologists to include this density information in the medical report. At the present time, this classification is a primarily subjective estimate of quartiles from almost entirely fat, to extremely dense. There is marked inter observer variability between radiologists (28, 29), raising concern for integrating this information into clinical use.
Automated, objective, volumetric density measurements may have the potential to provide, reproducible risk metrics that can be integrated into a personalized breast cancer risk assessments (30) . There is several commercially available software solutions that can be incorporated seamlessly into the mammography work flow and "automate" the calculation of breast density through an algorithm that utilizes volumetric parameters. If automated breast density measurements are determined to be accurate and reproducible, baseline and serial breast cancer risk estimates could potentially be used to advise individual patients on optimal frequency and type of screening studies.
Breast Density Legislation
There has been significant legislative activity surrounding the issue of breast density and the limited sensitivity of mammography screening in women with dense breasts. In 2009, Connecticut passed a law requiring radiologists to inform women of their breast density in the plain language report they receive after their mammogram, and advise them of alternate screening options (i.e. screening breast ultrasound and MRI).
Texas, Virginia, New York and Utah subsequently passed similar laws requiring radiologists to notify patients of their breast density. At the time of this writing, there is legislation pending on this issue in at least 11 more states and a similar bill has been introduced in the United States House of Representatives. This legislation will put important knowledge in the hands of the patient regarding their breast density and open the door for conversations between women and their physicians regarding additional screening options.
Automated Whole-Breast Ultrasound System (AWBUS)
Sonography is widely available, inexpensive, requires no contrast injection, does not use ionizing radiation, and is well tolerated by patients. However, scanning with hand-held transducers has provided little practical benefit in the detection of cancers due to the poor conspicuity of some cancers and the significant operator time and experience necessary for a high quality screening breast ultrasound. The variability in technologist skill and experience has made standardization of examinations nearly impossible.
However, hand held screening breast ultrasound in high-risk women has been shown to detect more cancers than mammography alone. Unfortunately, it also resulted in more recalled exams, biopsies and recommendations for short interval follow up than mammography alone. The rate of biopsy following screening ultrasound was 5%, with a positive predictive value (PPV) of 11%. Furthermore, generalization of these results is limited since all study participants were at elevated risk with over half having a personal history of breast cancer (31).
Two-dimensional AWBUS is a promising technology that aims to standardize the screening examination and produce a consistently high quality examination to improve the conspicuity of cancers. The study is typically performed with robotic guidance of a standard ultrasound probe over the entirety of both breasts followed by cine presentation of closely spaced images in the axial plane (Figure 3a) or reconstruction of the images to present a series of images in the coronal plane (Figure 3b ) (32) . AWBUS as an adjunct to mammography has shown similar malignancy detection rates as those with hand held ultrasound, 3.6 per 1,000, with a higher PPV of 38% (33) .
High Risk Screening and Magnetic Resonance Imaging
Women at high risk for breast cancer may benefit from supplemental screening with MRI and it is recommended as an adjunct to mammography in selected high-risk patients ( Figure  4 MRI has superior sensitivity to mammography and ultrasound in the detection of invasive cancer and has been shown to be cost effective in some high-risk groups (39) (40) (41) . Recent data reports an additional 14.7 cancers per 1000 women detected when MRI is used as a supplement to mammography and whole breast ultrasound (31) . However, there is no data to show a reduction in mortality from breast cancer as a result of MRI screening, and it is often criticized for decreased specificity, prompting biopsy or follow up imaging.
The American Cancer Society guidelines (Table 2a & b) for MRI as an adjunct to annual screening mammography recommends MRI for women who are first-degree relatives of BRCA carriers but have not undergone BRCA testing themselves, and women with a lifetime risk that is 20-25% or greater than that of the average woman, as defined by risk prediction models (34) . Some centers offer mammography and breast MRI at the same time, while others advocate staggering these examinations by 6 months, optimizing the time interval between imaging the breasts in one modality or another.
Molecular Imaging
Positron emission mammography (PEM) and breast-specific gamma imaging (BSGI) use molecular imaging to increase specificity in cancer detection by demonstrating increased metabolic activity. Both of these techniques have high positive predictive values and low negative predictive values. BSGI uses a gamma radiation detector under the breast with mild compression to acquire images after intravenous administration of technetium 99m (99mTc) sestamibi ( Figure 5 ). PEM uses paired radiation detectors to detect coincident gamma rays after the intravenous administration of fluorine 18 fluordeoxyglucose (FDG). These modalities are not currently suitable for screening, because each study results in whole body radiation equivalent to 20-30 mammograms (42) . Their application is primarily in staging women with a diagnosis of cancer. Increasingly, however, FDG PET is used to evaluate response to therapy, or detect post treatment recurrence.
Personalized Screening Strategies
Current screening strategies are clearly limited by the intra-population heterogeneity of breast cancer appearance, normal breast densities, and individual risk factors. Additional concerns include the financial cost of screening, the potential hazards of radiation exposure, and the medical, psychological, and financial burden of both false positive and false negative studies. We propose that new technologies in both imaging and risk assessment require re-thinking of the typical screening paradigm in which a single strategy is applied to all individuals in a population.
In other words, it seems clear that optimal breast cancer screening must be increasingly tailored to an individual's risk and optimized through strategic, patient-specific application of available technology. Advances in breast imaging modalities, breast cancer risk assessment, breast density and a patient's own views about the risks and benefits of screening should be carefully integrated into a personalized screening strategy. This paradigm differs from traditional guidelines in which all women are similarly screened with either annual or biennial mammograms, beginning at the age of 40 or 50.
Risk stratification tools are improving as our knowledge of the pathogenesis of breast cancer deepens. Commercially available risk stratification kits combine traditional risk models, such as the Gail Model, with DNA analysis; evaluating genetic mutations associated with breast cancer, separate from BRCA1 and BRCA2 mutations. This type of technology may aid in the evolution of personalized screening strategies as women obtain a more accurate estimate of their individual risk through risk assessment tools, genetic testing and clinical characteristics such as breast density.
These risk assessment tools along with the patient's age, breast density, and personal preferences could then be integrated to develop an optimal screening program. For example; a 52-year old woman with heterogeneously dense breasts, highly concerned about radiation dose, may benefit from annual low dose mammography and automated whole breast ultrasound. A 65-year old woman with dense breasts concerned about false positives and excessive biopsies may prefer annual mammography combined with tomosynthesis. A-43 year old woman with heterogeneously dense breasts who has undergone DNA risk stratification and found to be "high-risk," may choose annual mammography and tomosynthesis alternating with breast MRI every 6 months.
Personalized screening strategies are not an entirely novel concept. Women with BRCA1 or BRCA2 mutations, already participate in a form of personalized screening, with many women opting for annual mammography and breast MRI, often alternating at 6-month intervals. As technology further evolves and we are able to more accurately identify highrisk women, we will likely see evolution of personalized approaches to breast cancer screening, ranging from highly intricate to annual or perhaps biennial screening in low risk groups.
Summary
For many years, mammography has been the sole imaging test recommended for breast cancer screening, and remains the only test proven to reduce breast cancer-related mortality (1). However, the widespread application of mammography in population-based screening remains controversial, owing to decreased sensitivity in women with dense breast parenchyma, radiation concerns, and a high rate of false positive studies.
Breast imagers are adapting to these challenges with the development of new technologies. Low dose mammography can reduce radiation risk to the breast. Contrast enhanced mammography can evaluate blood flow in the breast, similar to MRI. Tomosynthesis produces multiple mammographic slices through the breast, similar to CT, and has significant potential to lower recall rates and increase specificity.
Both whole breast ultrasound and MRI have been shown to detect additional cancers in certain high-risk populations and will likely be increasingly used in screening women with dense breasts. However, a decrease in mortality has not been proven (31) . Molecular imaging in the form of BSGI and PEM of the breast is widely available, although, due to relatively large whole-body radiation doses, not currently suitable for annual screening.
While these advances are encouraging, it is improbable that any of the new technologies will replace mammography for population-based screening programs, since all have significant limitations (Table 3) . Furthermore, given the heterogeneity of the human population, a "perfect" imaging technology for breast cancer screening will likely never be found. In fact, because of this heterogeneity, the very concept of "one strategy fits all" population-based screening may be outmoded. The increasing ability to perform molecular, clinical, and tissue based risk assessments for an individual patient has opened new opportunities for patientbased screening strategies. Ultimately, optimal breast cancer screening will likely require a personalized approach that integrates patient-specific and age-dependent metrics of cancer risk with selective application of specific screening technologies best suited to the individual's age, risk, and breast density. 
